Desulfurizations of a model oil (hexadecane containing dibenzothiophene (DBT)) and a diesel oil by immobilized DBT-desulfurizing bacterial strains, Gordona sp. CYKS1 and Nocardia sp. CYKS2, were carried out. Celite bead was used as a biosupport for cell immobilization. Seven^eight cycles of repeated-batch desulfurization were conducted for each strain. Each batch reaction was carried out for 24 h. In the case of model oil treatment with strain CYKS1, about 4.0 mM of DBT in hexadecane (0.13 g sulfur l oil by strain CYKS1 in the first batch. The mean desulfurization rate was 1.81 mg sulfur l 31 dispersion h 31 , which decreased slightly when the batch reaction was repeated. No significant changes in desulfurization rate were observed with strain CYKS2 when the batch reaction was repeated. When the immobilized cells were stored at 4³C in 0.1 M phosphate buffer (pH 7.0) for 10 days, the residual desulfurization activity was about 50V70% of the initial value. ß
Introduction
In order to mitigate acid rain and soil pollution caused by sulfur dioxide released from the combustion of oils, more and more regulations on sulfur content in petroleum are being implemented. However, there are some limitations in complying with stringent regulations using the chemical process known as hydrodesulfurization (HDS) because some compounds, such as dibenzothiophene (DBT) and DBT derivatives, are known to be recalcitrant against HDS. Biodesulfurization, which uses a biocatalyst and can e¡ectively desulfurize HDS-recalcitrant compounds, is expected to be a complement or alternative to HDS [1] helping re¢ners cost-e¡ectively meet the regulations.
Several microorganisms are known to desulfurize DBT selectively yielding sulfate and 2-hydroxybiphentyl as ¢nal metabolites [2^4] . The selective removal of sulfur from organic compounds by those strains is desirable from a practical viewpoint since valuable combustible carbons are retained after desulfurization. A few strains that can desulfurize alkylated DBTs have been isolated [5, 6] . Two strains, Gordona sp. CYKS1 and Nocardia sp. CYKS2, which also selectively desulfurize DBT have recently been isolated by our research team [7, 8] . It was found that those strains could desulfurize about 20 kinds of other organic sulfur compounds also, including thiols, sul¢des, disul¢des and thiophenes. The genes involved in desulfurization of DBT were identi¢ed and some cloned microorganisms were developed [9] .
There have been several reports on the treatment of diesel oils or model oil mixtures by using suspension of growing or resting cells. Hexadecane containing DBT was desulfurized by Pseudomonas sp. [10] , and light gas oil (LGO) and middle distillate were desulfurized [1, 6, 11] . However, the treatment of oils using biocatalyst suspension has some limitations such as low oil to aqueous volu-metric ratios and di¤culties in biocatalyst recycling. The use of immobilized biocatalysts was considered to be a potential alternative [12, 13] . Desulfurization of oils by immobilized cells has some advantages: ease of biocatalyst separation from the treated oils, relatively high oil/water volumetric ratios and low risk of contamination.
In this study, we demonstrated a new desulfurization process employing immobilized cells. Celite beads were used as a biosupport material and two desulfurizing strains, Gordona sp. CYKS1 and Nocardia sp. CYKS2, were used. A model oil, hexadecane containing DBT, and a light gas oil (LGO) were treated by means of repeated-batch reaction. The longevity of immobilized cells was also investigated.
Materials and methods
Celite grade 560 (Manvile, USA) was selected as the biosupport material in this study. The celite bead size ranged from 50 to 500 Wm. Beads that have a diameter of 50^200 Wm comprised over 70 wt%. The porosity was 0.72. Celite is composed of silica (SiO 2 ) (over 90 wt%) and other inorganic oxides including Al 2 O 3 , Fe 2 O 3 and CaO [14] . Celite beads were pretreated by washing three times with distilled water and heated in a furnace overnight at 600³C to remove volatile materials. The beads were then steam-autoclaved for 1 h at 121³C and dried for 30 min. For cell immobilization, 3 ml of cell suspension (2.64 g l 31 ) prepared as previously described [6] was added to 3.6 g of pretreated celite beads. Minimal salt medium (MSM) [7] with 5 g l 31 glucose was then added to the immobilized cells. The total volume of the reaction mixture 20 ml (celite beads concentration was 50% v/v). One milliliter of model oil (10 mM of DBT, sulfur 0.32 g l 31 oil ) or LGO (sulfur 3.0 g l 31 oil ) was added for desulfurization, and thus the volumetric phase ratio of aqueous to oil was 20. The concentration of immobilized cells was measured as previously described [15] . LGO was kindly provided by the SK Corp. (Taejon, Korea). DBT and hexadecane were purchased from Aldrich Chemicals (Milwaukee, WI, USA). Each cycle of desulfurization was carried out for 24 h. After the suspension of aqueous and the treated oil were carefully drained to avoid the loss of the immobilized cells, the remained celite beads were washed once with 20 ml of MSM. After the MSM was drained, 20 ml of fresh MSM and 1 ml of oil were added to repeat the cycle. The drained emulsion of aqueous and organic phases was centrifuged and the harvested organic phase was analyzed by a GC-SCD equipped with an autosampler to quantify its sulfur content as described previously [7] . All experiments were executed twice.
Results and discussion
Celite beads are used as ¢lter aids in pharmaceutical and beverage processing, as bulk ¢lters for food and plants, and as insulation material for construction. Because of its chemical composition, celite is virtually inert to biolog- ical attack, insoluble in culture media, and non-toxic to microbial cells. These properties justi¢ed our choice of celite beads as a support material for immobilization in this study. In case of model oil treatment with immobilized strains CYKS1 and CYKS2, the amount of DBT desulfurized generally increased as the batch was repeated as shown in Fig. 1 . With strain CYKS1, about 0.13 g l 31 oil of sulfur in the oil phase was desulfurized in the ¢rst batch, and in the ¢nal eighth batch, the amount of sulfur desulfurized reached about 0.25 g l 31 oil (Fig. 1A) . The mean desulfurization rate per unit volume of dispersion (oil-inwater mixture) was 0.24 mg sulfur l 31 dispersion h 31 in the ¢rst batch. It was 0.48 mg sulfur l 31 dispersion h 31 in the ¢nal batch. After each batch reaction, the immobilized celite beads were washed once with MSM to remove the free cells. Therefore, immobilized cells were mainly responsible for the desulfurization. The cell loading in the celite was 1.5 mg (g celite) 31 at the beginning of the ¢rst batch and 4.3 mg (g celite) 31 at the end of the ¢nal batch. This increase in cell loading in celite beads was considered to have enhanced the desulfurization rate in the subsequent batch [15] . Strain CYKS2 showed similar rates to those of strain CYKS1 (Fig. 1B) .
In case of LGO, the desulfurization rate slightly decreased as the batch was repeated for unknown reasons (Fig. 2) . The mean desulfurization rate by strain CYKS1 was 1.81 mg sulfur l 31 dispersion h 31 in the ¢rst batch and decreased to 1.43 mg sulfur l 31 dispersion h 31 in the ¢nal batch. However, the desulfurization rate of LGO was about 4V7 times higher than that of model oil. The major reason for the higher desulfurization rate with LGO presumably was that the model oil contained only DBT, a recalcitrant compound, while LGO contained various readily desulfurizable compounds, such as thiols and sul¢des [7] . A number of other organic sulfur compounds than DBT were found to be desulfurized from the GC-SCD chromatogram of treated LGO as shown in Fig. 3 . The CYKS2 showed comparable performance to the CYKS1 (Fig. 2B) .
For practical applications, the desulfurization activity of the biocatalyst should be maintained during long-term storage. After the ¢nal batch, immobilized cells were collected and washed once with 0.1 M phosphate bu¡er (pH 7.0). Then, the immobilized cells were stored in 0.1 M phosphate bu¡er (pH 7.0) at 4³C for 10 days. After 10 days, 20 ml of MSM was added after draining phosphate bu¡er and then 1 ml of oil was added to start the desulfurization test. The volumetric phase ratio was 20 and desulfurization was carried out for 24 h. The longevity of immobilized cells was evaluated from the residual desulfurization activity as a fraction of the initial activity. In case of model oil, the residual activities were 70 and 65% for strains CYKS1 and CYKS2, respectively. In case of LGO, the residual activities were 52 and 65 for strains CYKS1 and CYKS2, respectively. This result implies that the development of more e¡ective ways of biocatalyst preparation and storage is needed.
